Nuclear magnetic resonance relaxation experiments with eld cycling techniques proved to b e a v aluable tool for studying molecular motions in liquid crystals, allowing a very broad Larmor frequency variation, su cient to separate the cooperative motions from the liquidlike molecular di usion. In new experiments combining NMR eld cycling with the JeenerBroekaert order-transfer pulse sequence, it is possible to measure the dipolar order relaxation time T 1D , in addition to the conventional Zeeman relaxation time T 1Z in a frequency range of several decades. When applying this technique to nematic thermotropic liquid crystals, T 1D showed to depend almost exclusively on the order uctuation of the director mechanism in the whole frequency range. This unique characteristic of T 1D makes dipolar order relaxation experiments specially useful for studying the frequency and temperature dependence of the spectral properties of the collective motions.
I Introduction
Liquid crystal molecules when ordered in a mesophase undergo di erent kinds of motions. Some of them are individual molecular motions, like anisotropic rotational and translational di usion. These are liquidlike rapid random jumps which can be characterized with a correlation time c , generally falling in the range 10 ,8 , 10 ,11 s. There are also slower reorientational motions involving a large number of molecules, that are characteristic of the liquid crystalline states. These collective molecular uctuations, called order uctuations of the director OFD, are described through a superposition of a broad spectrum of individual purely dissipative modes, with relaxation times ranging from 10 ,4 to 10 ,9 s. As a consequence of the diversity o f characteristic times of the uctuations in liquid crystals, the di erent processes are clearly visible in di erent time scales. For example, in Zeeman order relaxation NMR experiments, the local motions dominate in high frequencies 10 6 ,10 8 Hz while the order uctuations represent the main mechanism of spin relaxation in the low and medium ranges 10 3 , 10 6 Hz.
The NMR relaxation method has been used for many y ears for studying the complex anisotropic reorientation of molecules in the liquid-crystalline state. The measured quantities are spin-lattice relaxation rates which depend on the intra-and inter-molecular interactions of the nuclear spin magnetization with local magnetic and electric elds; these elds being modulated by the underlying molecular motions. 1 I t i s experimentally observed that in conventional liquids the relaxation times are almost independent of the Larmor frequency. On the contrary, in liquid crystal mesophases, the presence of cooperative motions causes the relaxation times to have a marked frequency dependence, showing usually a dispersion of about two orders of magnitude in the frequency range 10 4 to 10 8 Hz.
NMR studies of molecular motions in liquid crystals are presently usually performed by essentially two different spin-relaxation experiments which can provide a satisfactory number of data to disentangle the underlying spectral densities of the superimposed molecular reorientation: On the one hand by combining higheld, Zeeman relaxation T 1Z with high-eld dipolar and quadrupolar order relaxation T 1D and T 1Q respec-tively measurements at constant Larmor frequency L , in 1 H o r 2 H as a function of temperature. 2 On the other hand by frequency dependent T 1Z studies over a broad Larmor frequency, ; range, often applying fasteld cycling FC techniques. 3 Now, with adequate instruments such frequency dependent measurements are not necessarily restricted to T 1Z , but in principle are also applicable to T 1D ; this however has only been tried rarely and not systematically, mainly because of experimental limitations.
Due to the complexity of the molecular motions, and the fact that the di usion motions make their main contribution in high frequencies, it is di cult to distinguish between the cooperative and the local motions from standard high eld NMR relaxation measurements. However, by combining eld cycling data supplemented with conventional measurements for the highest frequencies, it is possible to cover a broad frequency range 10 3 ,10 8 Hz, allowing to distinguish the mechanisms unambiguously.
The basic theory for explaining relaxation experiments relates the relaxation times with the spectral densities of the lattice; that is, with the nonspin variables. The second step demands a model for the spectral densities that relates them with the particular system viscosity, elastic constants, etc and with the externally controlled variables temperature, frequency, orientation. The theory of spin-lattice relaxation for liquid crystals is based on the weak-order assumption, 1, 4, 5 that was traditionally applied in liquids and solids. The starting point is the stochastic Liouville equation for the density operator of the spin system, which i s i n tegrated up to second order in the perturbation the interaction with the lattice. The spin system is considered as an ensemble of isolated spins, the neighboring spins being considered as far as they form part of the lattice.
In the calculation of the spectral densities of the lattice, the molecular motions are generally modeled by stochastic Markovian processes. This is suitable for liquid crystals, because of the low degree of positional order of the molecular motions. The models for rotational and traslational di usion are basically the same as those used in liquids, with some re nements to re ect the characteristic anisotropy of the liquid crystals. 6, 7, 8 The models for the OFD are based on the hydrodynamic theory. 9 It is assumed that the molecules follow the director dynamics; so doing the effects of the intermolecular short range correlation are neglected. 10, 11 This approach yields spectral densities proportional to ,1=2 and ,1 for nematics 12, 1 3 and smectics 14, 1 5 respectively. In the case of nematics, this law has been con rmed by eld cycling experiments of Zeeman relaxation of protons and deuterons in numerous nematogens. 3, 1 6 I t w as observed that the OFD are dominant in the frequency range 10 Hz. There are also clear NMR FC examples of both smectic thermotropic phases and smectic-type lyotropics displaying the mentioned linear frequency dependence. 18, 19, 20, 21 One of the main hypotheses of the traditional theory of relaxation concerning the correlation time of the uctuations is that of the fast motion: SI c 1 where SI is the characteristic frequency of the spin interaction dipolar or quadrupolar and C is the correlation time of the uctuation. A consequence of this assumption is that the spin interactions can be neglected from the spin dynamics in the microscopic time scale. 5 Though the former condition is not ful lled by the slowest components of the OFD, this fact does not constitute a di culty in high eld Zeeman order relaxation. In these cases the picture of a single spin interacting with a random bath is adequate, hence the details of the spin interactions during the lifetime of the uctuations can be neglected. The analysis of experimental T 1Z within this theoretical framework showed to be consistent. 2, 3 , 2 2
However, this would not be the case of dipolar order relaxation, where the relaxing magnitude is the dipole-dipole energy. In fact, recent results of T 1D in thermotropic nematic liquid crystals, as a function of the Larmor frequency in eld cycling experiments evidenced clear discrepancies with the standard weakorder theory 28 . The OFD are the leading relaxation mechanisms even at high frequencies, having a larger weight than the predicted by the standard approach. This fact indicates the presence of additional relaxation mechanisms, driven by the OFD, which are not taken into account b y the traditional approach. Due to its higher sensitivity to the cooperative motions, T 1D is a p o werful tool for investigating spectral properties of hydrodynamic uctuations in mesophases.
The possibility of measuring several independent relaxation times, re ecting di erent features of the molecular motions, together with the existence of powerful experimental techniques, make NMR relaxation a very important tool for characterizing molecular motions in mesophases.
In Section 2 we present a short review of the theoretical background necessary to interpret the experimental results. Some examples illustrating the possibilities of eld cycling NMR experiments, in protons and deuterons, are shown in Section 3. This selection does not attempt to be a review of this vast eld. Finally in Section 4 some new, controversial results on dipolar order relaxation are presented, and discussed in terms of the existent theory, together with an analysis of a possible way to understand the disagreement.
II Theoretical background
NMR relaxation experiments deal with the nuclear spin degrees of freedom and provide information on the host lattice through the time evolution of the spin system. It is usual to think on the spin system as a thermodynamic system in contact with a reservoir the lattice having a huge number of degrees of freedom. In a typical experiment, energy in the form of radio frequency pulses, is delivered to the spins in order to prepare it in the quantum mechanical sense. The system is then allowed to develop in contact with the lattice during the evolution period. The last step of the experiment i s just to pick up the result of the evolution. At this point t wo basic assumptions are made: i The coupling between the spin system and the lattice is weak enough for allowing to factorize the total density operator in the second member of Eq.7 as a rst approximation.
ii The lattice is considered as a quantum dissipative system having so many degrees of freedom that dissipates the energy transferred by the spins in a short time of the order of the lattice correlation time, which is much shorter than the interval where the observed magnitude varies appreciably. This means that the lattice can be considered always at the equilibrium state. Under these conditions, the master equation in the interaction picture adopts the typical form of The rst term has the structure of an ensemble average over the the lattice variables and coincides formally with the semiclassical master equation as deduced from the stochastic Liouville equation. The traditional weak order master equation is obtained from Eq.8 by assuming high lattice temperature h=K B T 1, and that the spin system is never very remote from a state with equal populations of all spin energy levels ' I=A, I being the identity operator in the Hilbert space of the spin system and A being the number of degrees of freedom of the spin system. 1, 2 4 The resulting equation coincides essentially with the rst term of Eq.8 but including the correct stationary state: F q F ,q t exp iq!t dt :
In Table 1 we summarize the standard theoretical expressions for the most commonlymeasured relaxation times. There we show the observable corresponding to each case, the kind of uctuations responsible for dissipating the initial condition, and the relaxation times formulae in terms of the spectral densities. These expressions are the outcome of the traditional weak order theory Eq.9 . c Table I : Relaxation rates within the weak order theory of spin relaxation. In the three rst cases the observable is the energy of interaction of isolated spins. For T ,1 1D the observable is the secular dipole-dipole energy, and a model of isolated spin pairs is assumed. Here C D = The formula for proton Zeeman relaxation is a direct generalization of Eq.10 for the case of many noninteracting spins 1 . The deuteron Zeeman relaxation time describes the relaxation of the magnetization of a quadrupolar nucleus due to uctuations of the electric eld gradient of the chemical bond bearing the resonant n ucleus. This is a single-spin description, and is adequate when the dipolar interaction with neighboring spins can be neglected. 2 T 1Q and T 1D refer to the relaxation of quadrupolar or dipolar order created by a pulse sequence Jeener-Broekaert experiment 27 that transfers the magnetic Zeeman order to the quadrupolar or dipolar reservoirs. The three rst lines of Table 1 represent situations which can be adequately described by a picture of isolated spins, acted on by a random perturbation coming from the neighboring spins. On the contrary, the case of dipolar order relaxation is basically di erent because in this case the observable hH 0 D i involves the interactions among many spins. Here we included the two-spin formula for T 1D reported in the literature. Nevertheless, a recent eld cycling study showed that this formula is incomplete for describing the experimental data in nematics 28, 29, 30 see Section IV.
III Applications

A. The Field-Cycling Technique
Measurements of the relaxation times T 1Z , T 1D or T 1Q provide, in principle, a means of determining the spectral densities of the molecular motions. According to Table I , by combining data of di erent relax-ation experiments, it is possible to determine J 1 and J 2 separately. 28 Then, the comparison of their dependence with the magnetic eld and temperature with the theoretically predicted dependence for the involved molecular uctuations, allows to obtain information about the di erent motional processes involved. For example, conventional NMR temperature dependent experiments of Zeeman and quadrupolar alignment relaxation in selectively deuterated liquid crystals, allow t o c haracterize intramolecular motions and also give some consistent information about the order uctuations. 31, 3 2 The dynamics of the aliphatic chains in nematics was studied in detail by using this method and comparing with theoretical model for molecular potentials. 2, 33 However, since the conventional NMR studies provide the T 1Z pro le only in a rather narrow spectroscopic window, the tting of data with formula from Table I and Eq.11 becomes ambiguous and it is difcult to separate the contribution from the di erent relaxation mechanisms. Due to this weakness, some early high frequency measurements 34, 35, 36 believed to have found the theoretically predicted square root frequency dependence characteristic of the OFD in nematics see Eq. 12 .
This apparent result is incorrect because the reported ts in the MHz range do not coincide with subsequent l o w frequency mesurements when extrapolated. The mistake m a y be originated in the fact that the other relaxation mechanisms possess a narrow range where the corresponding spectral densities can be approximated by J = a ,1=2 + b.
A more comprehensive relaxometric study can be performed by extending the measurements to the kHz domain. However, standard NMR spectrometers cannot perform low frequency measurements, because the signal amplitude strongly decreases at lower external magnetic elds. The adequate experimental method to solve this di culty is the eld-cycling technique, since it allows to enlarge the range of the motional spectrum scanned by longitudinal spin-lattice relaxation experiments, by many orders of magnitude. Details of the basic principles of the technique can be found in Reference 3 and 37 In few words, the method is based on the concept of adiabatic demagnetization. The spin system is polarized at high elds frequency in the MHz region. Then, the external eld is adiabatically switched to a selectable lower level. The spin system evolves relaxes under these conditions, and after a given interval the eld is again adiabatically switched to its original value, where the magnetization is detected by applying a radiofrequency pulse see Fig. 1a . So doing allows to deal with a MHz quality signal but now k eeping the information of the spin-lattice relaxation at low eld. 
B. Selected Experiments
A systematic study of the Larmor frequency dependence of T 1Z in thermotropic liquid crystals was carried out mainly by the group of F. Noack Universitat Stuttgart. Particularly, the nematic phase has been extensively studied. 3, 38, 39, 40 An illustrative example is the textbook compound P A A4,4' -dimethyloxyazoxybenzene. Fig. 2 shows the proton relaxation dispersion T 1Z for nematic and isotropic phases. The isotropic phase shows the characteristic behavior of common liquids. On the contrary, relaxation in the nematic phase exhibits a well developed 1=2 dependence in the frequency range Typically, in thermotropic liquid crystals the several mechanisms contributing to spin relaxation can be considered as statistically independent processes. Under this condition, the spectral densities can be calculated as a sum of separate contributions from the molecular rotational tumbling ROT, traslational selfdi usion SD local motions and the OFD:
The three spectral densities are: where B R is a relaxation amplitude factor depending on both bulk and molecular properties and R is the correlation time of the reorientation about the short molecular axes. ; and x p q D , C is the di usion amplitude factor, and D is the correlation time of the translational molecular jump.
The models described above allow a quantitative description of relaxation dispersion. As an example, Fig. 3 shows the T 1Z pro le for the nematic HpAB 4,4' -bis-heptyloxyazoxy-benzene with the contributions from the di erent relaxation mechanisms. 28 This is a characteristic pro le of thermotropic nematics. It is clear again that the OFD dominate the relaxation in the KHzregime. For the ttings it was also considered a l o w frequency cut-o c as predicted by R. Blinc. 41 The FC measurements allowed to overcome some ambiguities in the evaluation of the parameters involved in the ttings, namely A, B, B R , C, c , R , D . P articularly, the experimental amplitude factor A can be obtained with good precision. The consistency of the ttings is supported by reasonable magnitudes of the parameters and systematic parallels for all the measured compounds. For instance, the tted amplitude factors A have a good agreement with the theoretical prediction from Eq.13, for many studied compounds. 3, 42 Moreover, the obtained values for the self-di usion correlation time D can be compared with di usion constant measurements by means of a special combination of NMR Field-Cycling with pulsed eld gradients techniques. D k + 2 D ? an e ective di usion constant, the calculated correlation times coincide in order of magnitudes with the tting parameters. 43 Another interesting feature arising from FC measurements is the occurrence of the low frequency cuto typically about few KHz Fig. 3 . At the present, two possible explanations for this behavior have been suggested: the rst one states that, since the minimum eld which could give rise to Zeeman order cannot be less than the local elds produced by the neighboring spins, it would be expectable that for frequencies of the order of few KHz, T 1Z became frequency independent; the second one refers to the niteness of the nematic order correlation length, 41 , due to the presence of disclinations and other defects. In such a case only order uctuations with a wavelength smaller than can take place, giving rise to a minimum cut-o frequency, through the`dispersion relation' c = 2K 2 ; 15
where K is the e ective elastic constant and is the e ective viscosity. Although most workers favor the second hypothesis, a nal experimental con rmation is still lacking and the subject is nowadays being investigated theoretically and experimentally. 44
The thermotropic smectic mesophase has not been studied so extensively as the nematic one. Hz. An independent experiment providing additional experimental evidence of the presence of collective uctuations in nematics are NMR eld-cycling studies of deuteron spin-lattice relaxation. Contrarily to proton NMR spectra, the deuteron spectra show without any spin decoupling technique many w ell-resolved line doublets, which can be assigned to non-equivalent sites on the molecule. 17 A t present i t w as not yet attained enough signal quality and resolution to separate the corresponding relaxation times for all the observed doublets, due to the unfavorably smaller gyromagnetic ratio a higher detection eld is needed. Nevertheless, it is possible to measure the spin lattice relaxation rates for some average spin positions, namely for the ring window and the chain window as shown in Fig.  6 . It is interesting to note that, while the dispersion pro le of the chain deuterons reveal an approximate square-root law in the same frequency range than the proton data, the rings deuterons exhibit a weak frequency dependence. This fact can be qualitatively understood by realizing that, since the relevant orientation for quadrupolar coupling is the angle between the carbon-hydrogen bond and the static magnetic eld, the contribution from the molecular rotations along the long axis of the molecule is signi cantly greater for deuteron than for proton spin relaxation. 17 Finally, in Fig. 6 we also show a comparison between proton T 1Z of the nematic 5CB 4-cyano-4' -5-alkylbiphenyl and the alkyl chain deuteron T 1Z for the per-deuterated nematic 5CB,d 19 . As can been clearly seen the collective motions dominate in coincident frequency ranges.
IV Dipolar order relaxation
Field Cycling experiments are able to reveal the frequency range where cooperative motions dominate relaxation as well as giving an approximate value for the relative w eight of the di erent relaxation mechanisms in a number of nematics and smectics.
The NMR proton spectra of liquid crystals generally present unresolved broad lines, due to the strong dipolar interactions. The measured relaxation times represent all spins in the molecule, and the contributions to the spectral densities from di erent kinds of sites are superimposed. When the molecular motions are complex, T 1Z alone is insu cient for disentangling the di erent contributions to the spectral densities. Then it would be adequate to complement the data of Zeeman relaxation with another experiment. Under the assumption that the weak order formulae from Table I hold in the whole frequency range, measuring the frequency dependence of di erent relaxation times, like T 1D or T 1Q together with T 1Z comes out to be a more descriptive experiment. The spectral density J 1 can be directly determined through the rst one and then, by using it in the formula for the latter, J 2 2 can be calculated. The rst step in this direction was the eld cycling measurement of both proton T 1Z and T 1D i n a family of thermotropic nematic liquid crystals. 28, 40 This method for measuring T 1D combines the eld cycling technique with the Jeener-Broekaert pulse sequence for creating dipolar order. Figs. 1b and 1c show a diagram of the technique. Fig. 3 shows the dispersion of T 1D and T 1Z in the nematic phase of HpAB. The rst outstanding feature is that T 1D follows the typical trend of the OFD in the whole frequency range even for 10 MHz!. This behavior is very di erent from that of T 1Z where, as a rule, the OFD dominate, at most up to hundreds of kilohertz. Another interesting feature is the occurrence of a cuto frequency about 5 10 4 Hz, which is an order of magnitude higher than the one of Zeeman relaxation time.
The two-spin model for dipolar relaxation see Ta- ble 1 predicts that T 1Z =T 1D 3 o ver all the frequency range, since the spectral densities are positive quantities. Conversely, the experiments show that this ratio is greater than three in both HpAB and 8CB, as displayed in Fig. 7 . Also, as can be seen in Fig. 8 , there is a noticeable gap between the T 1D calculated with the isolated phenyl spin pairs model and the experimental data; the di erence is frequency dependent and proportional to ,1=2 , e v en at high frequencies. Similar characteristics were found in other several compounds in the nematic phase, 29,40 where it was realized that the gap increases with the size of the molecule. As can be seen in Fig.3 , the contribution from the OFD to T 1Z decays rapidly for increasing external eld, and it generally becomes comparable to the spectral densities of rotational and translational di usion for frequencies higher than 5 10 5 Hz. The situation is rather di erent for dipolar relaxation, since it is mainly driven by the OFD mechanism even at high elds. It can be clearly appreciated in Fig.3 the larger in uence of the OFD as compared with the molecular rotational di usion. It can be a rmed that the rotations are practically negligible in T 1D .
These experimental ndings are challenging since they clearly point out some de ciencies of the existent theoretical approach, but, also reveal T 1D as a magnitude that re ects the OFD almost exclusively in the available frequency range.
The fact that T 1Z =T 1D 3 indicates that the observed dipolar order relaxation is faster than the one predicted by the traditional model. On the contrary T 1Z i s w ell described by the formula from Table I i n n umerous liquid crystals in the high eld limit H 0 H local . 2, 3 , 3 1 , 3 2 , 4 9 Therefore, the failure was assigned 28 to the standard two-spin phenyl approach for dipolar order spin-lattice relaxation rate. It should be kept in mind that the usual model for dipolar relaxation in thermotropic liquid crystals 14, 50 starts from the weak order master equation Eq.9 and considers the spin system as an ensemble of isolated spin pairs. Only intramolecular contributions are kept, arguing that the rapid di usive molecular motion averages out the intermolecular contribution. The chain protons are not considered either, due to their high mobility. Another important h ypothesis is the one known as`fast motion', that is D c 1 D a t ypical dipolar frequency and c a lattice correlation time. This condition allows to neglect the spin-spin interactions in calculating the time evolution of the spin operators in the interaction picture. 5 The observed frequency dependent gap between theory and experimental data indicates that the model for T 1D in liquid crystals is oversimpli ed and has neglected important mechanisms of relaxation, driven by the OFD. For instance, keeping only two spins avoids the presence of spectral densities evaluated at zero frequency or frequencies of the order of magnitude of the dipolar coupling, J 0 D , because the coe cients associated to these terms involve spin traces which are identically zero for two spins. The physical reason of this is that these coe cients represent` ip-op' transitions, that do not involve c hanges in the dipolar energy of only two spins. Also spectral densities with q = 2 , J 2 2, do not appear due to similar reasons. According to the proton spectra in nematics, there is an appreciable dipolar contact among the core and chain protons, giving the possibility of some e ects associated to interpair interactions. This imposes a revision of the validity o f the hypothesis involved in the model for dipolar relaxation.
A partial answer came after a recent experimental and theoretical investigation of T 1Z and T 1D in PAA and in the methyl-deuterated PAA d6 . 29, 5 1 Deuterating the methyl chain yields a proton system re ecting only the dynamics of the core. The frequency dependence of the relaxation times in both compounds showed discrepancies with the two-spin theory, similar to those previously observed in HpAB and 8CB. The rst term corresponds to interpair cross correlations, while the others involve uncorrelated interactions. All terms have similar structure: they are proportional to angular averages of the type F 0 lj 2 . The intermolecular contributions cancel due to the rapid relative motion of the molecule. Accordingly, the translational self-di usion does not contribute appreciably to dipolar order relaxation in nematics.
This general result allows to investigate the role of interpair correlation of protons of the core and the chains. When particularized to PAA d6 for calculating the contribution to T 1D by including second neighbor protons, the calculation yielded a negligible correction to the usual two-spin prediction. This fact, which i s consequence of the r ,3 dependence of the dipolar energy interaction, is consistent with NMR line shape second-moment studies 52 that characterize PAA d6 as a t wo-spin system.
According to the former results, the dipolar order relaxation of PAA d6 , although seeming to be a two-spin problem, cannot be described by the usual formula for isolated spin pairs!. This means that the observed gap has to be associated to some other type of processes which are not considered by this approach.
A point still requiring discussion is the fast motion hypothesis, contained in the basic weak-order theory. Technically, this amounts to calculating the evolution of the spin operators in the interaction picture with the operator exp it=~HZ a simple rotation around the direction of the magnetic eld. For the slowest components of the OFD the condition D c 1 is not ful lled; then neglecting the spin interactions during the lifetime of the uctuations may be inadequate. In such cases, the time evolution has to be calculated using the complete operator e it=~HZ+HD in order to the introduce the interactions. However, this correction to the standard approach did not introduce signi cant c hanges either. 30 That is, this procedure does not lead to a frequency dependent correction as needed for explaining the T 1D dispersion.
The insensibility shown by the weak-order result to the inclusion of the spin interactions in the microscopic time scale, can be interpreted as follows: As shown in Section II, the weak order master equation is obtained by neglecting terms of quantum mechanical character in Eq.8. The relaxation rates calculated in this limit are formallyequivalent to those calculated directly from a stochastic Liouville equation, where the lattice variables of the spin-lattice Hamiltonian are given random time functions. By representing the lattice variables with arbitrary random functions of time, the backreaction of the lattice on the spin system during the lifetime of the uctuations cannot be retained.
In summary, the former example allows to safely conclude that the weak-order theory does not contain all the ingredients necessary to explain the dipolar order relaxation in systems having slow uctuations, like nematic thermotropics. According to this outstanding conclusion, the failure must be sought in the very basic assumptions of the weak-order relaxation theory.
In order to include the correlation between a many body system and the lattice in the microscopic time scale, it is necessary to keep the quantum terms of Eq.8. Namely, when dealing with the relaxation of the dipolar order, the spin system should be treated as an open quantum system in thermal contact with a quantum mechanical lattice. This can be done by eliminating the weak-order assumption. 30, 53 Under this general condition, the master equation in the form of Eq.8 is not easily applicable to the calculation of the time dependence of spin observables. A more tractable equation follows by performing a series expansion of the master equation in operator form. 54 The lowest order term of the expansion coincides with the rst term of Eq.8, while the higher order ones represent the quantum mechanical part. In fact, the new contributions cancel if the lattice is represented by a stochastic process. The formalism is, at this point, adequate for introducing a`trial' solution. The trial density operator commonly used in NMR is the one corresponding to the spin temperature assumption. Physically, it consists in assuming that the relaxation can be described as a succession of semi-equilibrium states. 55, 56 Doing this, it is straightforward to calculate a relaxation time in terms of the spectral densities. 30 Using the Pincus-Blinc model for the nematic hydrodynamic motions, leads to a correction term to the usual expression of the dipolar order relaxation rate, having the form a ,1=2 . This result agrees with the phenomenological expression used in tting PAA d6 and PAA data, and other thermotropic nematic liquid crystals. Accordingly, the discrepancy between experiments and the weak order theory can be explained in terms of multispin processes having a quantum mechanical character.
The existence of the anomalous low-frequency cuto can also be discussed in terms of the quantum mechanical approach. When the external magnetic eld is lowered so that the Larmor frequency is comparable with the linewidth 10 5 Hz, the description is made in terms of the dipolar and not the Zeeman energy levels. Under this condition the Larmor frequency ceases to be a collective parameter of the spin system.
V Final comments
Frequency dependent T 1Z experiments using the eld cycling technique have shown useful in characterizing the OFD. This is specially clear in nematics, where the typical frequency behavior dominates in a broad frequency range and less evident in smectics. The fact that smectics have slower local molecular motions than nematics has a double e ect in reducing the e ectiveness of T 1Z for displaying unambiguously the contribution of the collective motions. On the one hand individual molecular motions rotation and di usion have a greater relative w eight in smectics. On the other, the frequency dependence of the OFD is steeper. This amounts in a narrowing of the frequency range where the OFD dominate relaxation see Fig.4 .
Due to the strong spin-spin interaction, the proton Zeeman relaxation time is an average parameter representing all the protons placed in di erent kind of sites for example in the chain or the core. In molecules having many protons this produces a certain degree of ambiguity in the physical parameters obtained from the ttings, due to the large number of parameters that have to be determined. More informative n uclei would be deuterons D or carbons 13 C because they separate individual atomic sites on the molecules by a generally well-resolved spectrum. However, such experiments imply important technological di culties. This limitation can be partially eliminated, in a more accessible way b y combining experiments of relaxation in protons of partially deuterated molecules; so doing the di erent relaxation mechanisms can be separated by alternatively deuterating the chains or the cores. Also, these experiments can be complemented with angular dependent measurements, which provide additional experimental information 14, 22, 57 In Section IV we showed some examples where dipolar order relaxation re ects the OFD almost exclusively. This outstanding feature makes T 1D an optimum parameter for studying slow collective molecular motion in mesophases. Accordingly, it could be helpful for testing theoretical models for the hydrodynamic uctuations in mesophases having di erent dimensionality.
Due to the di erent frequency response of both relaxation times, experiments of T 1D in conjunction with T 1Z m a y provide valuable experimental tools for the study of molecular motions in mesophases. Particularly, i t w ould allow to clearly discern the frequency dependence of the collective motions in smectics. However, for these studies to be fruitful, a thorough theoretical revision of the e ect of the slow uctuations of the director on the dipolar relaxation rate becomes necessary, since a comprehensive expression of T ,1 1D in terms of spectral densities is still lacking.
Parallel to the eld of the applications, from a basic perspective, dipolar order relaxation also provides an interesting example of irreversible processes where the spin-spin interactions occurring during the microscopic time intervals seem to produce observable e ects in the transport parameters.
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